Cell wall thickness under dry and wet conditions and the cellulose ®bril arrangement on transverse-fracture surfaces of the S2 layer of the tangential and radial walls of Scots pine tracheids were examined using SEM images and ESEM images, respectively. A hypothesis for explaining the anisotropic transverse shrinkage of wood was proposed based on the test results and statistical analysis. A simpli®ed model of a tracheid's cross-section was drawn for calculating the differential transverse shrinkage. Results of this study indicate that the radial cell wall of Scots pine latewood is about 25 percent thicker than the tangential wall. Earlywood does not show such a difference. Furthermore, there is a signi®cant tendency of a preferential orientation (i.e. packing density) of the ®brils on the tangential and radial walls in the overall tangential direction. Despite some phenomena of the cell wall structure not yet clearly understood, this might explain the anisotropic transverse shrinkage of wood to a major extent. 
Introduction
Due to the anisotropy of its structure, wood changes its longitudinal, radial, and tangential dimensions (L, R, T) with hygroscopic changes in the wood moisture content to quite a different extent. The average ratio of this hygroexpansion L/R/T for all wood species is about 1/10/20. It is widely agreed that the hydroexpansion is mainly caused by the cellulosic ®brils and their arrangement and orientation within the wood cell wall whereas the lignin matrix is assumed to be dimensionally rather stable. Furthermore, there is an agreement that hygroexpansion normally occurs at right angles to the ®bril axis (Skaar 1988) . The ®bril axis of the thickest and, therefore, the expansion dominating S2 layer of the cell wall of normal wood is directed at small angles to the cell (®ber) axis. This explains why the dimensional changes of wood are much greater perpendicular than parallel to the grain. It does not explain, however, the fact that the tangential hygroexpansion is about twice the radial expansion.
Possible reasons for anisotropic shrinking/swelling of wood in the two transverse-®ber directions have been the subject of numerous studies, often with controversial results and hypotheses. According to Pentoney (1952) and Skaar (1988) , four theories have been developed. Two of them are based on the gross wood structure: the ray restraint theory in which the wood ray tissue limits the radial movement of the other cells, and the earlywood/latewood interaction theory according to which the thick-walled latewood governs the movement and forces the less dense earlywood to shrink to a greater extent than it would do by its own. The third theory proposes that the differential tangential and radial hygroexpansion is caused by differences in the swelling characteristics of the various cell wall layers. According to this, particularly different arrangements and thicknesses of the compound middle lamella are the main reasons for this phenomenon. The fourth proposal deals with different angles of the longitudinal ®bril orientation of the S2 layer: since the angle is reported to be greater in radial than in tangential walls, it leads to more hygroexpansion of the radial walls or in the tangential direction, respectively. Skaar (1988) believes that both the ray-restraint and dominant latewood hypotheses are most probable in explaining the different dimensional changes. However, in our opinion there are good reasons to assume that the ®ne structure of the cell wall is also important in this context. After all, it is the cell wall that undergoes moisture related dimensional changes. Therefore, the arrangement of the cellulose ®brils might be of major importance, especially within the thick S2 layer. This is not only true for the longitudinal structure of the walls but also for the ®bril arrangement perpendicular to the cell axis or on crosssections of the wall, respectively. This ®ne structure of the wooden cell wall has been intensely studied by numerous researchers, particularly since electron microscopy became widely available in the 1950¢s. Cote Â (1968) described a model of the cell wall which consists of the well knowǹ concentric' layers of the secondary walls of adjacent cells (S1, S2, S3) which are connected by the compound middle lamella (CML). According to Cote Â's model, the thick S2 layer itself is built up by numerous concentric lamellae with slightly different ®bril angles to the cell axis.
Similar or identical models have been proposed by several authors before and after the article of Cote Â (1968). There are, however, some reports on a cross-section structure of the S2 layer consisting of ®bril arrangements more or less perpendicular to the CML or radial to the cell axis, respectively; the respective literature has been summarised by Zimmermann and Sell (1997) . The discussion on ®bril arrangements of the S2 layer perpendicular (or inclined) to CML has been resumed recently when highresolution SEM studies on transverse-fracture surfaces of tension-loaded softwoods and hardwoods revealed nonconcentric`agglomerations' of ®brils of the S2 layer (Sell, Zimmermann 1993; . These perpendicular structures are meanwhile con®rmed by means of other microscopical and detection techniques (Larsen et al. 1995; Schwarze, Engels 1998; Sell 1994a; Singh et al. 1998) and are assumed to improve the mechanical performance of the wooden cell wall (Booker, Sell 1998; Sell 1994b) . The formation of ®bril agglomerations of the S2 layer perpendicular to CML is explained by a higher packing density of the ®brils in this direction and, therefore, by thicker parts of the lignin matrix between these agglomerations (Sell, Zimmermann 1993; . This leads to the consideration that the higher packing density of the cellulose ®brils in a preferential direction more or less perpendicular to CML might be an additional reason for the different radial and tangential hygroexpansion.
The present study is trying to propose a hypothesis for partially explaining the anisotropic shrinking/swelling of cross sections of wood based on the following elements of the cell wall structure: radial and tangential cell wall thickness and ®bril arrangement on cross-sections of the S2 layer.
Materials and methods

Cell wall thickness
To measure the average cell wall thickness in the radial and tangential direction, three 6´6´6 mm 3 cubes were cut from a green Scots pine sapwood (Pinus sylvestris) rod which was freshly cut and stored in water until preparation. Two cubes with the¯attest ring orientation were chosen for the SEM examination. The cross sections of these 2 cubes were smoothed with a razor blade and then put into a vacuum dryer with the temperature set at 40°C. After drying for 12 hours, the samples were removed, mounted on SEM sample holders, and sputtered with platinum. The cross-sections were then examined in the ®eld emission scanning electron microscope (FE-SEM) JEOL-6300-F for measuring the thickness of the radial and tangential cell walls under the dried condition.
In addition, one 6´6´6 mm 3 cube with a smoothed cross-section was examined under the Philips XL30-FEG Environmental Scanning Electronic Microscope with ®eld emission cathode (FE-ESEM). This sample was totally wet since it had been soaked in water for several days after being cut from the fresh pine board without any drying or vacuuming process before the observation. This ESEM equipment allows the observation in a normal environment, i.e. in a humid atmosphere with normal air pressure. So, the cell wall thickness of the radial and tangential walls could be measured under`original' wet condition (swollen state) to compare with the dry wall thickness of the 2 samples from the same rod.
Five images each with a magni®cation of 400´were taken from earlywood and latewood parts by the ESEM from the smoothed cross-section of Scots pine under wet condition (Figs. 1, 2). Another 10 images, 5 from earlywood and 5 from latewood, were taken by the SEM under dry condition (Figs. 3, 4) . Then 10 cells were randomly selected from each of the images for measuring the radial and tangential wall thickness by an image analysis software (ImageAccess). 50 measurements each of the tangential and radial wall thickness for both wet latewood and earlywood tracheids were obtained. Then under the dry condition, the same data collecting procedures were performed on the SEM images of the dried samples. Table 1 Fig. 1. Smoothed cross-section of wet (swollen) Scots pine latewood. FE-ESM micrograph for the measurement of cell wall thickness Bild 1. Gegla Ètteter Querschnitt von feuchtem (gequollenem) Kiefern-Spa Ètholz. FE-ESEM-Aufnahme zum Messen der Zellwanddicke summarises the total number of images taken and thickness data measured.
Fibril arrangement on traverse-fracture surfaces of the S2 layer
In order to observe the ®ne cell wall structure under the FE-SEM, transverse-fracture surfaces were prepared by tension-loading. Three Scots pine (Pinus sylvestris) rods, 20´20´360 mm 3 , were chosen for the bending test, based on the most parallel ring orientation. These pine strips had been conditioned at 20°C, 65% RH until an equilibrium wood MC of 12%. These 3 rods were loaded by a Zwick testing machine for bending failure: short-time bending mode, 3-point loading, loading speed of 2 N/s, whole bending test within 90 s. After the test, some samples of the fracture surface were carefully taken from the tension zone of each of the pine rods (Fig. 5) , and glued on the SEM-holders. The mounted samples were stored in a cabinet for about 12 hours to cure the adhesive and were then sputtered with platinum. After sputtering, the samples were inserted into the high-resolution FE-SEM for examining the ®ne cell wall structure of Scots pine. The SEM examination was performed with an accelerating voltage of 5 kV and a working distance between 18 and 22 mm.
65 latewood cells (with magni®cation at least 1000´) were chosen for measuring the angle of the preferential ®bril orientations of the S2 layer (with respect to the CML) on cross-surfaces of the tangential and radial walls by means of the ImageAccess software. Usually, 4 angle measurements were obtained from each of the 2 tangential walls of every single latewood tracheid observed. The average of the 8 measurements was de®ned as the mean orientation angle of the ®bril agglomeration on the tangential wall for that single cell. The same data-collecting procedure was used for obtaining the ®bril orientation on radial walls. Examples of the measurement method are shown in Fig. 6 for latewood. Since the radial wall is usually shorter compared to the length of the tangential wall and often additionally reduced by bordered pits, it was not possible to select as many measurable areas on radial walls as on tangential walls. Thus, only 47 latewood tracheid cells (from 65) were chosen for the measurement on radial walls.
The same measuring procedure was carried out for earlywood tracheids. Since the earlywood tracheids have much thinner cell walls than the latewood tracheids, it was more dif®cult to select earlywood cells with clearly distinguishable ®bril orientations. Thus, the orientation angles of the S2 ®brils from only 28 earlywood cells were measured. 4 to 8 measurements were taken from the tangential walls for each of the 28 earlywood tracheids and 2 to 8 measurements from the radial walls of only 19 earlywood tracheids (for the same reason mentioned above). Some data measured by the ImageAccess software are shown in Fig. 7 for earlywood. The statistical evaluation of the measurements were carried out using the ANOVA software.
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Results and discussion
Cell wall thickness of radial and tangential walls
The mean thicknesses of the tangential (T) and radial (R) walls of earlywood and latewood in both green and dry conditions are shown in Table 2 , including the R/T ratios of the thicknesses.
GLM (General Linear Model) of the SAS Software (v6.0) was used for the analysis of variance of the cell wall thicknesses. For latewood tracheids, the results show that the tangential wall thickness is signi®cantly smaller (about 25 percent) than the radial wall thickness. Both wall thicknesses show statistically signi®cant differences between wet and dry conditions (Table 3) as to be expected. The R/T ratio of the wall thickness for latewood under wet condition is 1.24, which probably contributes to a certain extent to the differential transverse hygroexpansion of wood, but not enough to explain the overall ratio of 2:1 of the tangential-over-radial shrinkage.
For earlywood tracheids, statistical analysis shows that there is no signi®cant difference between the tangential and the radial wall thickness. Therefore, the reason for the differential transverse shrinkage found for earlywood (even higher than with latewood) can in no way be explained by the difference of the cell wall thickness. Additionally, if the hypothesis is correct that latewood forces the weaker earlywood to shrink to a greater extend than it would by itself, the R/T ratio of the latewood wall thicknesses (1.24) mentioned above might explain the differ- ence of the earlywood hygroexpansion to a small extent only. For both earlywood and latewood tracheids, substantially more shrinkage of the tangential wall than the radial wall was found (Table 2 ). This result corresponds with ®ndings of Watanabe et al. (1998) , who used a powerful method of image analysis (spectrum and replica analysis) to measure the change of the lumen size and wall thickness for 4 Japanese softwoods, due to shrinkage. One would assume that more shrinkage in the tangential wall means more shrinkage in the radial than in the tangential direction when looking at single cells. This is, however, contrary to the anisotropic shrinkage on the macroscale level. The results presented below may explain this phenomenon to a certain extent.
Fibril arrangement on fracture surfaces
The tension-zone fracture surfaces of the Scots pine samples exhibited the characteristic ®bril orientations of the S2 layer already described by Sell and Zimmermann (1993) . The ®brils are agglomerated perpendicular (i.e. with an angle of 90°) or more or less inclined to CML, respectively. Very seldom, however, with a part of the wall, the agglomerations are concentrically oriented (i.e. with an angle of 0°to CML). The angle of the ®bril agglomerations of the S2 layer vary substantially from cell to cell and also within one single cell wall. Table 4 contains the statistically evaluated angles formed by the ®bril agglomerations of the S2 layer ± with respect to the CML ± for the radial and tangential walls of pine latewood and earlywood. The data show that the mean inclination of the S2 ®bril agglomerations to CML is quite different for radial and tangential walls both of latewood and earlywood. On radial walls the ®bril agglomerations are relatively steeply inclined to CML (latewood 68°, earlywood 64°), whereas on tangential walls the angles to CML are¯atter (latewood 46°, earlywood 40°). The respective data of latewood and earlywood cells show rather small differences which are, however, statistically signi®cant.
Since the ®bril agglomerations on cross-sections of the S2 layer, according to former results mentioned above, are characterised by a higher packing density of the cellulose ®brils, the results evaluated indicate the following:
Related to the main transverse directions of wood, the preferential direction of the S2 ®bril agglomeration and therefore, of the cell wall zones of the highest packing density of the ®brils is tangential rather than radial. The strongly simpli®ed scheme of the cell wall layer S2 in Fig. 8 illustrates these ®ndings. Our hypothesis is that the differential hygroexpansion of wood in the tangential and radial direction can partially be explained by this arrangement of the S2 ®brils.
Based on the inclination angles of the ®bril agglomerations measured, a simpli®ed model for the latewood tracheid cross-section can be drawn as Fig. 9a . The different shrinkage in the tangential and radial direction can be calculated as follows:
Assuming along the ®bril agglomerations the shrinkage value is 1, then for latewood tracheids the total shrinkage T in the tangential direction can be calculated as sin 68:4 cos 46:1 1:623 radial wall tangential wall component component and the total shrinkage R in the radial direction is: The ratio of the latewood transverse differential shrinkage T/R is now 1.57. This calculated ratio is close to the T/R ratio data of 1.4 reported by Skaar (1988) after Vintila (1939) from his measurements of free shrinkage of isolated pine latewood (probably Scots pine) in tangential and radial direction.
The same calculation carried out from our measurement results (Figure 9b ) for the earlywood tracheids leads to a total shrinkage of 1.660 in the tangential and 1.087 in the radial direction. Thus, the different shrinkage ratio T/R calculated for earlywood is 1.53. This is much lower than the respective value of 2.8 measured by Vintila according to Skaar (1998) .
Nevertheless, generally the results of our calculation of the relative amount of the radial and tangential shrinkage (with an assumed shrinkage of 1 in the direction of the ®bril agglomerations on S2 cross-sections) and the R/T ratios derived from these results are in the same order of the anisotropy of wood on the macroscopic level, especially with latewood.
On the other hand, divergent from the macroscopic anisotropy are the results of our measurements of the shrinkage of single cell walls. In accordance with ®ndings of Watanabe et al. (1998) a greater shrinkage was measured of the tangential than of the radial walls. This seems to be just the opposite one would expect from the macroscopic anisotropy and from the R/T ratio that was calculated by means of our model of the ®bril arrangements of the S2. This apparent contradiction is still not explained and needs, therefore, further studies. The ca. 25 percent higher thickness found for radial cell walls compared with tangential walls of latewood of Scots pine may contribute to the anisotropic transverse shrinkage of wood to a certain extent. This contribution, however, is obviously of minor importance. As compared with this possible in¯uence, the role of the rather tangentially than radially oriented ®bril agglomerations (i.e. zones of higher packing density of the ®brils) on cross sections of the S2 layer in the anisotropy of wood transverse shrinkage might be of major importance (if the above model of the S2 structure and its in¯uence on`hygroexpansion' is correct). The R/T ratios here derived from this model differ from results of Vintila's (1939) measurements on latewood and earlywood strips, cited by Skaar (1988) . This is especially true for earlywood. We assume that the difference is caused by the different methods used for the measurement of the wood shrinkage. Probably of particular importance is the fact that the shrinkage of single cell walls on SEM microphotographs, the shrinkage of separated earlywood and latewood strips, and the calculation of the mean relative shrinkage by a model of the ®bril arrangement on cross sections of the S2 layer do not (or only partially) re¯ect the`real' macroscopic conditions. Particularly the mutual hindering or increasing of the hygroexpansion of latewood and earlywood are not ± or to a limited degree ± represented by these measurement methods. Moreover, these interactions are different in the radial and tangential directions. In other words: with respect to hygroexpansion or shrinkage, a superposition of in¯uences of the wood structure on the macroscopic, microscopic, and on the nanometer level takes place which is quantitatively hard to evaluate. However, we are convinced that the ®bril arrangement (i.e. their packing density) on cross sections of the cell walls, especially of the thick S2 layer, contributes considerably to the different hygroexpansion/shrinkage of wood in the radial and tangential direction. Additional work is necessary to con®rm this hypothesis. 
